The electrical potential distribution in a model capacitor specimen, made of single-crystalline BaTiO 3 and thin Pt plates, has been revealed by electron holography. In order to represent the inherent potential distribution related to the capacitance, undesired phase information was eliminated by the analysis of electron holograms acquired in various conditions of applied voltage; the undesired information includes signals due to electrical charging, thickness variation, and modulation of the reference electron wave by a long-range electric field. The observation of electric potential showed reasonable agreement with simulation for the model specimen.
Introduction
A multilayer ceramic capacitor (MLCC) is one of the most important elements used in a variety of electronic products. An MLCC consists of many layers of a ferroelectric compound (e.g., BaTiO 3 ) which shows a significant dielectric constant. Each of these layers is sandwiched between thin plates of a metallic electrode. In order to improve the capacitance of an MLCC, one needs to reduce the spacing of the electrodes and/or increase the number of stacking layers. These requirements have made the size of current MLCCs extremely small, wherein the thickness of both the ferroelectric layer and metallic electrodes are on the order of 100 nm. Transmission electron microscopy (TEM) is a useful tool for the microstructural study of the miniaturized MLCC. The physical properties of an MLCC can be tailored by using elemental additives and/or precipitates produced in the ferroelectric layer.
13) An important research subject related to MLCCs is direct observation of the electric potential distribution within the ferroelectric layer. For example, the potential distribution is very useful information for an understanding of the relationship between the electric breakdown and structural imperfections within the ferroelectric layer. For this purpose, electron holography is a promising method because of the ability for electric field visualization and nanometer-scale resolution. In the experimental setup of electron holography, in the absence of a magnetic field, the phase shift of the object electron wave º(x, y) (defined in the xy plane, which is vertical to the incident electrons in the z axis) can be expressed by 4) ºðx; yÞ ¼ · Z ¤ðx; y; zÞdz;
where ¤(x, y, z) represents the electric potential at position x, y, z, and · is the interaction constant that depends on the acceleration voltage. Thus, the observation of º(x, y) represents the electric potential distribution projected in the xy plane. However, in practice, several factors hamper indepth electron holography studies on capacitor samples. These include unwanted phase information due to electrical charging which occurs during electron exposure to a nonconductive BaTiO 3 region, significant change in the mean inner potential at the position of precipitates, thickness variation in the sample, Bragg reflections, and modulation of the reference electron wave caused by a long-range electric field. 58) These effects superpose artificial phase information on the observations. In order to reveal the inherent electric field distribution related to the capacitance, we need to reduce these undesired signals by using appropriate techniques.
The purpose of this study was to obtain a method of precise electric-field imaging based on electron holography for electronic components, such as capacitors, containing stacked thin ferroelectric and metallic layers. In order to show the usefulness of electron holography for studies of capacitors, we employed a simple model specimen made of single-crystalline BaTiO 3 layers and Pt electrodes, as shown in Fig. 1(a) : this specimen reduces undesired phase information due to Bragg reflections in the BaTiO 3 layers, which are particularly significant in polycrystalline materials. The model specimen did not include precipitates in the ferroelectric layer. We demonstrate that the inherent electric potential distribution in the capacitor can be obtained by suppressing the effects due to electric charging, modulation of the reference electron wave, thickness variations etc.
Experimental Procedure
The model specimen was fabricated using single crystalline BaTiO 3 . A small piece of the crystal was placed on top of a Cu grid, followed by thinning using a focused ion beam [ Fig. 1(a) ]. The thickness of the thin-foil specimen was approximately 100 nm. As shown in Fig. 1(a) , the thin-foil area was embedded with Pt electrodes, formed using metal deposition apparatus. Electrode 1 [i.e., blue portion in Fig. 1(a) ] was extended to the Cu Grid. Electrode 2 was contacted with a mobile probe tip (PtIr probe) in a doubleprobe piezodriving holder. 8) Electric voltage was applied between the Cu grid and the PtIr probe, each of which was connected to a Keithley 2400 sourcemeter. Electron holograms were acquired in the area sandwiched by electrodes 1 and 2, over the range of applied voltage from 10 to ¹10 V. The holography study was carried out using a 300-kV transmission electron microscope JEM-3000F. We have used another shield plate made of PtIr which was located in the vicinity of the PtIr probe. 7, 8) The role of this shield plate will be described later in detail. Simulations of the electric field distribution were carried out using the commercial code ELFIN. Figure 1 (b) shows a configuration of the experimental setup that was assumed in the simulation. In the model specimen used in the simulation, the size of the thin-foil area was 8.5 µm © 7.5 µm © 100 nm, as indicated in Fig. 1(b) .
Results and Discussion
Figure 2(a) shows a bright field image of the model specimen. Within the single-crystalline BaTiO 3 area, the specimen shows only a gradual change in the diffraction contrast representing bend contours as indicated by the yellow arrow. Figure 2 (b) presents an electron hologram, which was acquired with an applied voltage of 2 V: i.e., electrodes 1 and 2 were used as the cathode and anode, respectively. We mentioned the metallic shield, indicated in yellow in Fig. 1 , which plays an important role during the acquisition of the holograms. In principle, in the electron holography experiment, the reference electron wave should be modulation free. 4) The modulation free condition is lost when a long-range electric field [caused by the electrode, such as the PtIr probe shown in Fig. 1(a) ] reaches the area of the reference wave: i.e., the upper left region in Fig. 2(b) . The magnitude of this unwanted electric field can be reduced by locating a metallic shield plate as illustrated in Fig. 1 : see Refs. 7), 8) for details about the effects of shielding.
Figures 2(c) and 2(d) provide reconstructed phase images observed in the applied voltages 2 and 6 V, respectively. The view field is the same as that shown in Figs. 2(a) and 2(b) . The contour lines represent the xy plane component of the electric potential, which is projected in the direction of the incident electrons.
4) The contrast variation in contour lines indicates the sign of potential distribution: e.g., in Fig. 2(c) , the contrast changes from dark to bright (with an interval corresponding to the phase shift 2³) approaching the anodic electrode 2. The spacing of the contour lines is reduced by the increase in applied voltage. However, the direction of the contour lines significantly deviates from the edge lines of the electrode plates. For example, as shown in Fig. 2(c) , the contour lines are unreasonably oblique with reference to electrode 1. We ascribe this deviation to the charging effect in the non-conductive BaTiO 3 area under electron exposure. The other possibility is variation in the specimen thickness that causes modulation of the phase shift via the contribution of the mean inner potential. In order to suppress these effects, we subtracted the observed phase shift data collected for different conditions of applied voltage: e.g., the result for the applied voltage of 2 V was subtracted from that of 6 V, as shown in Fig. 3(b) . We expect that such subtraction reduces the effects of charging and thickness variation, which appear to be insensitive to the applied voltage. Note that this subtraction provides the potential distribution for an effective applied voltage of 4 V (viz., 6V ¹ 2 V) in Fig. 3(b) . Electrodes 1 and 2 were used as the cathode and anode, respectively. The contour lines in Fig. 3(b) reasonably trace the edges of the electrode plates. In contrast, the contour lines are significantly oblique to the electrodes in the original image in Fig. 3(a) , which was not subjected to the subtraction process. The results indicate that the undesired signals due to charging and/or thickness variations were effectively reduced in the observation shown in Fig. 3(b) . We carried out simulations of the electric potential distribution in the model capacitor specimen. Assuming the configuration shown in Fig. 1(b) , we are able to calculate the potential ¤(x, y, z) related to the model specimen to which an electric voltage is applied. The applied voltage and the relative permittivity of the ferroelectric layer were fixed at 4 V and 1000, respectively. By using the calculations of ¤(x, y, z), the phase shift of the electron º(x, y) was obtained by using eq. (1). The integration range along the z axis was assumed to be 100 µm, which was large enough for reproducing a reasonable simulation result for this small model specimen. The result is shown in Fig. 3(c) . Note that, in the simulation of Fig. 3(c) , we have incorporated the modulation of the reference wave that may be caused by the electric field yielded by the plate of electrode 2 (the red portion in Fig. 3) , based on the method described in Refs. 6 and 7): i.e., since the electric field produced by this portion is not completely terminated by the metallic shield, it may affect the observation of the reconstructed phase image. The simulation in Fig. 3(c) shows good agreement with the measurement in Fig. 3(b) . Thus, we conclude that the aforementioned process yields the inherent potential distribution in the capacitor sample to which an electric voltage is applied. Using the above process of electric field imaging, we are able to carry out in-depth observations on the capacitor sample, including the relationship between applied voltage and equipotential lines. Figures 4(a)4(c) show equipotential contour maps observed for effective applied voltages of 2 V (4 V ¹ 2 V), 4 V (6 V ¹ 2 V), and 8 V (10 V ¹ 2 V), respectively. The result in Fig. 4(b) is identical to Fig. 3(b) . The spacing of the contour lines is systematically reduced by the increase in applied voltage. Despite the change in spacing, the shape of the contour lines remains almost unchanged. The lower panels in Fig. 4 show the equipotential contour lines that were observed in reverse electric polarity: i.e., Figs Because of the reversed polarity, the direction of contrast change (i.e., from dark to bright) is the opposite of that in the upper panels. However, the shape of the contour lines is similar to those observed in Figs. 4(a) 4(c). Again, the spacing of the contour lines is monotonically reduced by the increase in applied voltage. We have measured the phase shift for the distance XY, which is indicated in Fig. 4(c) . These results are plotted in Fig. 5 as a function of the effective applied voltage, both in the positive and negative ranges. The plots show almost perfect linearity as a function of the applied voltage. This proportionality further demonstrates that the reconstructed phase images in Fig. 4 present inherent electric potential distribution related to the capacitor phenomenon. Since the ferroelectric layer in the model specimen is made of single crystalline BaTiO 3 , the observed contour lines are very smooth, as shown in Fig. 4 . When the ferroelectric layer contains precipitates, which show different electric permeability, as observed in commercial MLCC, the contour lines should fluctuate in the vicinity of these imperfections in the microstructure. Thus, we expect that electron holography observations will provide crucial information about structural imperfections that cause harmful electric breakdown in MLCC. Applications of such electron holography to commercial capacitors will be discussed elsewhere.
Conclusion
We have revealed the inherent electric potential distribution in a model capacitor sample, which was comprised of single-crystalline BaTiO 3 and thin electrode plates made of Pt, by using electron holography techniques. The original reconstructed phase image contained undesired information due to electric charging induced by electron exposure and/or thickness variations, both of which cause an artificial phase shift. However, by subtraction of phase information acquired in different conditions of the applied voltage, these unwanted signals could be eliminated. As a result, we succeeded in showing a reasonable potential distribution related to the capacitor property: the observations agreed with the calculated patterns, and the observed phase shift was proportional to the applied voltage. We anticipate that this method can be applied to studies of commercial capacitors, including MLCC, which have more complex microstructures. Electron Holography Study on Model Capacitor Sample
